INTRODUCTION
Protists are microscopic single celled eukaryotes that play a fundamental role in the O 2 /CO 2 balance of the earth ecosystem and in planktonic food webs as primary producers, consumers, decomposers, parasites and symbionts (Sherr et al. 2007; Caron et al. 2012) . Because many of these important functions depend on the individual species characteristics, accurate information about diversity and changes in community structure in space and time is fundamental for understanding ecosystem functioning. Such information has long been gathered by recording species abundances in light microscopy and by sorting out species diversity in taxonomically challenging taxa by means of morphological and molecular studies of cultured strains. Since the beginning of this century, studies based on the analysis of environmental DNA (eDNA) have shown that molecular marker distribution is a valuable descriptor of spatial and temporal variations in eukaryote assemblages, overcoming the identification problems especially for the delicate and often featureless microbes (Díez et al. 2001; López-García et al. 2001; Moon-van der Staay et al. 2001; Moreira and López-García 2002; Christen 2008; Edgcomb et al. 2011; Orsi et al. 2011) . The recent development of sequencing technologies, such as high throughput sequencing (HTS), coupled with a metabarcoding approach, have provided further insights into protist biodiversity with unprecedented detail (Zinger, Gobet and Pommier 2012) . This approach is emerging as powerful and reproducible for the characterisation of microbial communities from soil, water, gut content, etc. (Coghlan et al. 2013; Collins and Cruickshank 2013; Georges et al. 2014; Pedersen et al. 2015; Zimmermann et al. 2015) , and has been successfully applied in relevant projects focusing on marine protists such as the European costal survey BioMarks (Bittner et al. 2013; Logares et al. 2014; Massana et al. 2015) , the International Census of Marine Microbes (Pawlowski et al. 2011) , the global Tara Ocean project (de Vargas et al. 2015; Le Bescot et al. 2015; Malviya et al. 2016 ) and the ongoing Ocean Sampling Day initiative (Kopf et al. 2015) .
Spatial patterns of protist distribution have received much attention in studies conducted so far. At the same time, interest is growing in seasonality and interannual variability of marine microbial communities due to their relationship with environmental variation at local and global scales (Genitsaris et al. 2015; Brannock et al. 2016) . Changes in rainfall, light availability, temperature, as well as longer stratification periods and extreme events can all contribute to temporal protist variations that can have an impact on marine productivity and the structure of food webs (Coma et al. 2009; de Souza et al. 2014) . Assessments of temporal trends in species composition and abundance are hence needed to build baseline patterns and develop models predicting community changes driven by anthropogenic and natural perturbations (Magurran et al. 2010; Giovannoni and Vergin 2012; Dornelas et al. 2013) .
One opportunity to study genomic-based temporal patterns in protist diversity is provided by ongoing long-term observation sites in the oceans, where the availability of background knowledge and contextual data provides an optimal framework for molecular investigations, and a starting point for the establishment of a genomic observatories (GO) network (Davies et al. 2014) . The coastal station Long Term Ecological ResearchMareChiara (LTER-MC), in the Gulf of Naples (Tyrrhenian Sea, Mediterranean Sea), belongs to the LTER network and is one of the founding sites of the GO network. At this site, samples have been collected weekly or biweekly since 1984, and multidisciplinary research has provided remarkable insights into the local protistan biodiversity and changes therein through the annual cycle (e.g. Modigh 2001; Modigh and Castaldo 2002; Ribera d'Alcalà et al. 2004; Cerino and Zingone 2006; McDonald et al. 2007a,b; Montresor et al. 2013) . Results include the description of numerous morphologically and genetically characterised microalgal taxa, their life cycles, their population genetic structure, their genetic and morphological diversity and their phylogenetic relationships (Sarno, Zingone and Marino 1997; Zingone, Sarno and Forlani 1999; Orsini et al. 2004; D'Alelio et al. 2010; Nanjappa et al. 2013; Tesson et al. 2014) . All this contextual information renders LTER-MC an ideal site for eDNA-based research, as it allows comparison and reciprocal validation of different approaches. So far metabarcoding studies using clone libraries have led to a first assessment of chloroplastic 16S-based molecular diversity of photosynthetic ultraplankton (McDonald et al. 2007a) , and of LSU-rDNA-based diversity and seasonality in the diatom genus Pseudo-nitzschia (McDonald et al. 2007b; Ruggiero et al. 2015) . HTSmetabarcoding data from LTER-MC have also been analysed in comparison with other sites across European coasts (Logares et al. 2014; Massana et al. 2015; Forster et al. 2016) .
Since 2010, sampling at LTER-MC has been complemented with the collection of filtered material for eDNA extraction and analysis, with the intention to implement the HTSmetabarcoding approach in the ongoing long-term plankton research. In this study, we selected a number of samples collected on eight dates across the seasons in 2011, which were chosen judiciously to capture different stages and transitions in the composition of the phytoplankton as observed in the weekly light microscopy observations. As a barcode we used the hypervariable V4 and V9 regions in the nuclear encoded SSU rDNA. V9 has been widely used in HTS-based investigations (e.g. de Vargas et al. 2015; Malviya et al. 2016) , but Illumina sequencing of the longer V4 region has recently been made possible. Therefore, an assessment of the performance of both regions in the same samples is worthwhile. In our analyses, we aimed at showing the 'grand picture' of variations across the seasons in the abundance and diversity of the whole protistan community. In addition we aimed at comparing the HTS results with light microscopy data obtained for phytoplankton using their relative abundance in the two datasets and focusing on diatoms. The broad aim was to test both the sampling method and the downstream analyses, as a proof of concept for the selected marker tags and the sequencing depth to capture the variation patterns of protist diversity over time and the suitability of this approach for studies at LTER sites.
MATERIALS AND METHODS

The study site
The study was carried out at LTER-MC in the Gulf of Naples (40
• 48.5 N; 14
• 15 E; Supplementary Fig. S1 ). The site is located 2 nautical miles offshore at the transition between coastal mesotrophic water and oligotrophic blue water. From December to March temperatures can be as low as 14
• C, and the water column is thoroughly mixed. From April a thermocline establishes, causing stratification and sinking out of nutrients. In summer, temperatures reach up to 28
• C (August), with incidental influx of nutrients through municipal runoff (Ribera d'Alcalà et al. 2004) . Stratification generally breaks at the end of November. Currents are relatively weak especially during the stratification period, whereas eddies and plumes mix these water masses in intricate patterns (Uttieri et al. 2011; Iermano et al. 2012) . Phytoplankton density shows marked shifts, with changes over the seasons in the proportions among major groups (diatoms, dinoflagellates, coccolithophores and other flagellates) and species composition (Ribera d'Alcalà et al. 2004; Cerino et al. 2005; McDonald et al. 2007b) .
Sampling
Samples for metabarcoding analyses were collected from surface waters at the LTER-MC station on eight dates (Supplementary Fig. S2 ) from February to December 2011. The dates were selected based on light microscopy phytoplankton data, which were used as proxies for the seasonal phase and trophic status of the system. Physical and chemical parameters and plankton samples were collected on a weekly basis using a rosette sampler equipped with Niskin bottles and a SBE911 CTD (SeaBird Electronics). For DNA extraction, ∼3 litres of surface sample (0.5 m) was filtered under mild pressure on each of two cellulose ester filters (47 mm diameter, 1.2 μm pore-size, EMD Millipore, USA). Filters were immediately frozen with liquid nitrogen and stored at −80 • C. Temperature, salinity, inorganic nutrients and chlorophyll a concentration data, obtained as described in Ribera d 'Alcalà et al. (2004) , were kindly provided by the Monitoring and Environmental Data Analysis (MEDA) Unit at the Stazione Zoologica. For phytoplankton identification and abundance assessment, surface samples were fixed with neutralised formaldehyde at a final concentration of 0.8%. Depending on sample richness, between 2.97 and 100 ml were allowed to settle in combined sedimentation chambers, and cells were counted in fields or transects with an inverted light microscope (Zeiss Axiovert) at ×400 magnification using the Utermöhl method (Edler and Elbrächter 2010) . The sample volume inspected in the eight samples ranged between 0.02 and 3.04 ml. At least 200 cells of the most abundant taxon and a total of 572-1402 (mean 1077) cells were enumerated in each sample. In the June sample, a supplementary sedimentation of 100 ml was performed to obtain a more accurate estimation of the density of Gyrodinium cf. spirale, of which 72 cells where counted on two transects at ×200, corresponding to 6.08 ml of sample inspected. Phytoplankton biomass was estimated from cell biovolume of individual species, which was calculated using geometric formulae (Hillebrand et al. 1999; Sun and Liu 2003) and converted to carbon content using the equations suggested for diatoms, diatoms >3000 μm 3 , and other protists by Menden-Deuer and Lessard (2000) .
DNA extraction and sequencing
DNA was extracted from each half of the two filters collected at each sampling date using the DNeasy Plant Kit (Qiagen GmbH, Hilden, Germany) following the manufacturer's instructions. DNA concentration and quality were measured with a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc, UK). The V4 and V9 regions of eukaryote SSU rDNA gene were amplified using BioMarKs primers (Stoeck et al. 2010 ) with slight modifications, carefully tested on V4 and V9 alignments of protist groups, aimed at maximising specificity and avoiding different annealing temperature in the V4 pair (Supplementary Table S1 ). Two separate amplifications were performed on the DNA from the two half filters for each date, and the PCR products were pooled in one sample per date. The Illumina Nextera's protocol (Illumina, San Diego, CA, USA) was modified to obtain the V4 and V9 amplicon libraries for sequencing on the Illumina MiSeq platform (Kozich et al. 2013; Manzari et al. 2015) . The protocol was based on two amplification steps. In the first amplification, V4 and V9 regions of the 18S rRNA gene were amplified using the selected V4 and V9 universal primers having a 5 end overhang sequence, corresponding to Nextera transposase primer (Supplementary Table S1 ). Amplifications were performed in a reaction mixture containing 2.5 or 5 ng of extracted DNA (for V9 and V4 region, respectively), 1× Buffer HF, 0.2 mM dNTPs, 0. All PCRs were performed in the presence of a negative control (RNase/DNase-free water). The PCR products (∼270 bp for V9 and ∼470 bp for V4) were visualised on 1.2% agarose gel and purified using the AMPure XP Beads (Agencourt Bioscience Corp., Beverly, MA, USA), at a concentration of 1.2× vol/vol, according to manufacturer's instructions. The purified V4 and V9 amplicons were used as templates in the second PCR step, which was performed with the Nextera index primers and Illumina P5 and P7 primers as required by the Nextera dual index approach. The dual index strategy consists of incorporating unique indices into both ends of the library molecules to allow sample identification for the subsequent bioinformatics analysis (Kozich et al. 2013) . The 50 μl reaction mixture was made up of the following reagents: template DNA (40 ng), 1× Buffer HF, dNTPs (0.1 mM), Nextera index primers (index 1 and 2) and 1U Phusion DNA Polymerase. The cycling parameters were those suggested by the Illumina Nextera protocol.
The dual indexed amplicons obtained (∼330 bp for V9 and ∼530 bp for V4) were purified using AMPure XP Beads, at a concentration of 0.6× and 1× vol/vol (for V4 and V9 amplicons, respectively), then checked for quality control on 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and quantified by fluorimetry using the Quant-iTTM PicoGreen-dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) on a NanoDrop 3300 (Thermo Fisher Scientific).
Equimolar quantities of V4 and V9 amplicons were pooled and subjected to 2 × 250 bp sequencing on a MiSeq platform to obtain a total of about 375 000 in V4 and 497 000 in V9 pair-end reads per sample.
Data pre-processing and taxonomic assignment
The initial quality control check of reads in fastq files was performed using the FastQC tool in the Galaxy web-based platform (https://usegalaxy.org/) (Giardine et al. 2005; Blankenberg et al. 2010; Goecks et al. 2010) . Illumina paired-end reads (2 × 250 bp) were processed using the mothur v.1.33.0 software (Schloss et al. 2009 ) following the standard operating procedure (http://www.mothur.org/wiki/MiSeq SOP). Contigs between read pairs were assembled. The entire V9 fragment was covered by two reads, whereas the overlap in V4 fragment was 81 bp on average (SD 11.3); differences in base calls in the overlapping region were solved using the Q parameter as described in Kozich et al. (2013) .
Primer sequences were removed and no ambiguous bases were allowed; the maximum homopolymer size was 8 bp. The remaining sequences were de-replicated and aligned to a reference (silva.seed v119), and the sequences that did not align to the target region were removed. The pre-clustering algorithm (Huse et al. 2010 ) was used to further de-noise sequences, allowing one nucleotide difference for every 100 bp of sequence, and the resulting sequences were screened for chimeras using UCHIME in de novo mode (Edgar et al. 2011) .
Taxonomic assignment was initially performed using a naïve Bayesian classifier (Wang et al. 2007 ) trained using the PR2 database (Guillou et al. 2012) , as training set with an 80% bootstrap confidence threshold, in order to detect non-protist groups (including Bacteria, Archaea and Metazoa), which were excluded from further analyses. Taxonomic assignment was then performed for all sequences using BLAST (Altschul et al. 1990) against the PR2 database. Sequences were assigned to 'unclassified Eukaryota' if the similarity with reference was ≤90% or the query coverage was ≤70% of the sequence. For comparison with light microscopy (LM) data, taxonomic assignment of selected genera and species was further refined manually.
To gain insight into autotrophic/heterotrophic protist ratios, taxa identified in the above-described assignment process were classified into three trophic groups, namely, autotrophs (also including mixotrophs and symbionts), heterotrophs and parasites, based on information from the literature. For dinoflagellates, the assignation to either autotrophs or heterotrophs was based on the presence/absence of chloroplasts. The assignation to trophic groups was limited to taxa covering the 99% of the total sequence number.
Diversity and multivariate analyses
For ataxonomic analyses, sequences were clustered in operational taxonomic units (OTUs) at 95% of similarity to contain diversity inflation induced by sequencing errors (Logares et al. 2014) and OTUs containing only one read (singleton) were removed from downstream analyses. For temporal diversity analyses, standardisation among samples was performed randomly subsampling the OTUs table to the number of sequences present in the sample with the lowest amount (V4 = 44 648, V9 = 113 648 rrarefy function in the R package vegan).
Rarefaction curves of observed OTUs and α-diversity estimators (Schao1, Shannon-Wiener, Simpson-evenness) were obtained in mothur. Multivariate analyses were run in the R environment (R Core Team 2014) using the R-package vegan (Oksanen et al. 2016) .
For temporal β-diversity, community dissimilarity data matrices from standardised data were computed (vegdist function in vegan) using the Bray-Curtis index (abundance data) and then used in subsequent analyses (clustering, ordination and correlation with environmental parameters). Non-metric multidimensional scaling (NMDS) was performed to map samples on a simplified two-dimensional space using the metaMDS function, which performs multiple NMDS runs and retains the best solution. Dendrograms presenting hierarchically organised samples were built with the hclust and average method (Ramette 2007; Buttigieg and Ramette 2014) .
As a complementary approach to test microbial variations, FastTree 2.1.3 (Price et al. 2010 ) was used to build a phylogenetic tree (-gtr option to use GTR + CAT model) with a single representative sequence from each OTU (the most abundant) (6517 for V4 and 6519 for V9). The tree was utilised as input to generate cluster environments using the weighted UniFrac metric with Fast UniFrac (http://bmf2.colorado.edu/fastunifrac/) (Lozupone et al. 2011) , a version specifically designed to handle very large datasets. In the cluster environment analysis, the UniFrac metric clusters the samples based on the phylogenetic lineages they contain measuring differences in terms of the branch length that is unique to one environment or the other. The metric is interpreted as representing evolution among lineages unique to each sample that may reflect adaptation to a specific environment.
The correlation between standardised OTU tables and environmental variables was first explored with Mantel statistics based on Spearman's rank correlation. To further explore the relationships between environmental and sequence data, the BIO-ENV analysis (Clarke and Ainsworth 1993) was performed using the Bray-Curtis dissimilarity matrix. Within a set of environmental variables, BIO-ENV allows the identification of a subset of variables that shows the highest explanatory values. The identified variables were used in canonical correspondence analysis (CCA).
To investigate the degree of concordance between V4 and V9 ordinations, Procrustes analysis was performed using the vegan R package (procrustes() function with argument symmetric = TRUE), and m 2 value, i.e. the goodness-of-fit statistic measuring the level of congruence between two configurations (m 2 = 0 for perfect match and m 2 = 1 for total discordance). Moreover, to assess whether the fit was better than expected by chance (m 2 value smaller than expected due to chance), we used the Procrustean randomisation test (PROTEST, permutations = 10 000), which also calculates the Procrustes correlation coefficient (r) transforming the m 2 value (r = √ 1 − m 2 ).
In order to test constancy and reproducibility of signals, the V4 and V9 datasets were also clustered at 97% of similarity, thus generating two new OTU tables, and all β-diversity analyses (NMDS, hierarchical cluster, BIO-ENV and CCA) were repeated. Ordinations based on V4 and V9 OTUs at 97% and those obtained for each marker at the two similarity thresholds (95 and 97%) were compared with Procrustes and PROTEST analyses.
RESULTS
In the choice of samples to analyse in this study, we selected three dates in the first half of the year that corresponded to (i) the first annual biomass increase in February, caused by a diatom bloom, (ii) the annual peak in April, still dominated by diatoms but with a higher contribution of dinoflagellates and other flagellates, and (iii) a late-spring bloom in early June ( Supplementary  Fig. S2 ). The two summer dates represented opposite trophic conditions, i.e. a diatom-dominated, eutrophied phase (16 August) and a minimum, typical of oligotrophic Tyrrhenian Sea conditions at times recorded in summer at the sampled station (30 August). Two samples were then selected to cover the autumn period, which is generally characterised by a phytoplankton increase, and one sample in December represented the annual minimum typical for winter.
Filtering procedure generated a final curated datasets including 869 522 V4 and 1 410 071 V9 protist sequences (Table 1) . Sequence length ranged from 381 bp (Dinophyceae; Gonyaulax) to 402 bp (Stramenopiles; Labyrinthulea) for V4 and from 116 bp (Stramenopiles, Labyrinthulea) to 133 bp (Excavata, Discoba) for V9. Clustering at 95% similarity produced 14 070 V4 and 8821 V9 OTUs. The exclusion of OTUs containing a single sequence (singletons) reduced the OTU number by 55% in V4 and 25% in V9, resulting in very similar OTU numbers (6517 in V4 and 6519 in V9), which included about 99% of the total sequences of the datasets for both marker tags (Supplementary Tables S2 and S3 ).
Taxonomic patterns
V4 and V9 detected similar sequence abundance patterns at the phylum (Fig. 1A ) and division levels (Fig. 1B , R 2 = 0.884, P < 0.0001). However more sequences in V9 (∼13%) than in V4 (∼3%) remained unassigned, not matching the criteria of similarity ≥90% and length query coverage ≥70%. This result may depend on the lower resolution power but also on the smaller reference dataset for V9, which is located almost at the end of the 18S rDNA sequence and is often missed in PCR amplification. Further exploration of unassigned V9 sequences indeed showed they mostly (∼90%) belonged to Alveolata groups, but their length query coverage was lower than 70% (data not shown). For both markers, Alveolata were the most abundant group (over 60% of total sequences in V4 and 47% in V9), followed by Stramenopiles (20% in V4 and 23% in V9) and Rhizaria (8% in V4 and 11% in V9). At lower taxonomic level, differences between V4 and V9 were mainly detected within Alveolata (Dinophyceae, Syndiniales and Ciliophora) (Fig. 1B ).
Alveolata were dominated by Dinophyta (about 56% of total sequences in V4 and 34% in V9), mainly represented by Dinophyceae (41% in V4 and 26% in V9 of total sequences) (Fig. 1B) . Dinophyceae were largely dominant in the first part of the year (Fig. 1C) . In June, they reached about 80% in V4 and 65% in V9, of which about half were represented by a ribotype identical in V4 to one of the ribotypes of Gyrodinium cf. spirale retrieved along the Catalan coast (Reñé et al. 2015) . The dominance of this taxon produced a strong reduction of sequences from all others groups. Syndiniales were generally less represented (15% in V4 and 8% in V9), but were the most abundant group in December. Ciliophora were about 7% in V4 and 12% in V9 (Fig. 1C) . Among Stramenopiles, Bacillariophyta were the most represented group (14% in V4 and 17% in V9), followed by MAST (3% in V4 and 4% in V9) and Chrysophyceae (0.6% in V4 and 1% in V9) (Fig. 1B) . In Rhizaria, Radiolaria were more abundant than the nanoplanktonic Cercozoa, this trend being determined by a single large peak assigned to an undetermined taxon in the 30 August sample, corresponding to 33% and 39% of total sequences in V4 and V9, respectively. In Hacrobia (3% in V4 and V9), the autotrophic Haptophyta and heterotrophic Picobilophyta were the most abundant groups. Among Archaeplastida (3.5% in V4 and 2% in V9 of the total datasets) Chlorodendrophyceae were the most abundant group (3% V4 and 1.6 in V9). V4 and V9 showed almost identical temporal patterns for all these groups (Fig. 1C) .
Temporal variations of protists were shown more clearly by the sequence proportion of individual groups standardised over the total number of sequences obtained for each sample (Fig. 2) . Dinophyceae and Bacillariophyta sequences showed a relatively homogeneous distribution across the samples, with a lower proportion in October and December. By contrast Ciliophora, Syndiniales and Apicomplexa contributed a large part of their total sequences in that period, when several less abundant nanoflagellate groups, i.e. Pelagophyceae, Dictyochophyceae, Cryptophyta and Mamiellophyceae, also showed their maximum sequence numbers. Other minor groups (Chrysophyceae, Bolidophyceae, Telonemia, Picobiliphyta and Prasino-Clades) showed their annual peak in contribution on 30 August, along with Radiolaria and Foraminifera (only detected in the V9 dataset), while Oomycota, Prasinococcales and Chlorophyceae peaked on 16 August. Chlorodendrophyceae and Labyrinthulea provided a higher percentage of their total sequences in February and April, respectively. Amoebozoa were rare in the V4 dataset (46 sequences) and only detected on 30 August and in December, while they were more represented (1012 sequences) and more equally distributed in the V9 dataset.
Sequences belonging to autotrophic protists covered from 20% and 27% in the June and 30 August samples, respectively, up to more than 60% in the other spring and summer samples. In October and December the percentage of autotrophs decreased (50% and 39%, respectively). Parasitic protists were 1-6% in all spring and summer samples, with an increase to 11 and 18% in October and December, respectively ( Supplementary Fig. S3 ).
The distribution of OTUs in different groups showed at times different patterns compared with sequences ( Supplementary  Fig. S4 ). Dinophyceae OTUs generally covered a lower proportion of the total than sequences, highlighting a high redundancy of specific ribotypes. The low OTU diversity was particularly evident in the V9 dataset. A lower proportion of OTUs compared with sequences was also seen on selected dates in diatoms (16 August and September), Chlorodendrophyceae (February) and Radiolaria (30 August). By contrast, less abundant groups such as Haptophyta, Cercozoa, MAST and Labyrinthulea showed higher proportions of OTUs compared with sequences. With the exception of the above-mentioned case of Dinophyceae and other minor differences, V4 and V9 displayed similar patterns in the sequence-to-OTUs proportion for different groups.
Comparison with light microscopy data
Light microscopy (LM) analysis at the LTER-MC station focused on the phytoplankton component, which also included heterotrophic dinoflagellates and nanoflagellates, and provided quantitative data for the species that can be identified by their morphological characters in fixed material, i.e. diatoms, coccolithophores, dinoflagellates and other flagellates. For naked and delicate forms, especially nanoflagellates, fixatives may not only prevent identification at the group level, but even cause cell disruption, resulting in an underestimation of these organisms.
As is typical for the study site, diatoms were the dominant group over the year, being overtaken by flagellates (in terms of cell number) or dinoflagellates (in terms of biomass) on a few dates in late spring and during the summer and winter minima ( Supplementary Fig. S2 ). Dinoflagellates were generally dominated by naked forms, which can hardly be identified at the genus and even at the family level. Flagellates were the second major group in terms of cell numbers but they were less important than dinoflagellates in terms of biomass in late spring/early summer. Coccolithophores were scarce in terms of both biomass and cell numbers, with the exception of Emiliania huxleyi (60.1% of the total coccolithophores), which from mid-September till the end of the year ranged between 1.2 and 16.2% of the total phytoplankton cell counts.
For the comparison, we considered three groups, Bacillariophyta, Dinophyta and 'other flagellates', the latter including sequences from several groups (e.g. Hacrobia, non-diatom Stramenopiles, Chlorophytes; see Supplementary Fig. S5 for details) that cannot be identified in LM at lower taxonomic levels. Altogether sequences compared with LM data covered the large majority of the dataset (80-95% in V4 and 73-80% in V9), with the only exception the 30 August sample (47% in V4 and 42% in V9), in which a large number of sequences belonged to an unknown radiolarian. The large prevalence of Dinophyta sequences in the V4 and V9 datasets did not find a match in LM data, in which this group represented 5.7-35.2% (mean 17.1%) in biomass over the phytoplankton fraction. Excluding from the comparison the Syndiniales, which can be parasitic for large part of their life cycle, did not change the picture substantially (data not shown). In June, when a peak in Dinophyta sequences was detected (80% in V4), dinoflagellate biomass covered less than 27% of the total LM-phytoplankton, while the species corresponding to the dominant ribotype, Gyrodinium cf. spirale (∼47% of the June sequences used in the comparison), was ∼14% in biomass. LMbased data rather showed a large dominance of diatoms at least on five of the eight sampling dates in terms of both cell number and biomass (Fig. 3A) . At the genus/species level, the comparison was performed for a number of reliably identified taxa, including the majority of diatoms and the coccolithophore Emiliania huxleyi (Fig. 3B) . Taxa excluded from the comparison due to the lack of sequences or problematic LM identifications were generally a minor part of the diatom assemblages ( Supplementary Fig. S6 ). In the comparison, Bacteriastrum and Minidiscus were lumped with Chaetoceros and Thalassiosira, respectively, because of their similarity in V4 and V9 with the latter two genera. The genera Chaetoceros, Thalassiosira, Cyclotella, Skeletonema, Leptocylindrus and Pseudonitzschia were the most represented in LM on the eight sampling dates, with different species and proportions among them. The temporal distribution of these taxa and the contribution of different taxa in individual samples were quite similar between LM and molecular data across the year. Exceptions were represented by the over-representation of Cyclotella sequences in June and of Thalassiosira/Minidiscus in October and December, the lack of V9 Pseudo-nitzschia sequences in the 30 August and September samples and an under-estimation of E. huxleyi especially with V9.
Diversity and community structure along temporal gradients
For α-diversity, rarefaction curves highlighted a good coverage for the whole datasets ( Supplementary Fig. S7 ), even if values of the richness estimator Schao1 suggested the need for a deeper sampling effort to capture the actual total richness at the sampling site. Interestingly, the Shannon diversity index was quite stable (between 4 and 5) during most the year, while higher values were found in October and a peak in December (Supplementary Fig. S8 ). OTU rarefaction curves (Fig. 4) , Simpson's evenness and Schao1 indexes (Supplementary Table S3 ) again identified December as the sample with the highest diversity, followed by October, whereas June was the sample with the lowest diversity.
For temporal β-diversity, NMDS identified similar patterns between V4 and V9 regions (m 2 = 0.04302, r = 0.9783, P-value < 0.0001; Supplementary Table S5) , with protist communities split into three pairs of sampling dates, February-April, OctoberDecember and 16 August-September, plus two isolated samples, June and 30 August (Fig. 5A ). Cluster analysis confirmed these results, showing June and 30 August samples connected with the three main clusters, but with high dissimilarity levels of the links (>0.70) (Fig. 5B) .
The comparison between clusters of samples obtained with the UniFrac metrics and aggregations identified by Bray-Curtis dissimilarity table confirmed all the three temporal clusters in V9 region, but in V4 the February-April cluster was split and February was linked with autumn-winter samples (Supplementary Fig. S9 ).
The percentage of shared OTUs among all samples was very low, i.e. 1.76% in V9 and 1.12% in V4. Shared OTUs within the subgroups identified in the cluster analyses generally represented about 30% (Supplementary Fig. S10 ). However, after removal of per sample rare species (<0.2% in the individual samples; see Mangot et al. 2013; Logares et al. 2014) , shared OTUs within clusters were raised to 49-58% in V4 and 65-69% in V9.
Mantel statistic based on Spearman's rank correlation revealed significant correlations (V4 r = 0.4351, P < 0.028, and V9 r = 0.4527, P < 0.016) between protist Bray-Curtis dissimilarity and environmental parameters. BIO-ENV analysis (Supplementary Table S4 ) identified a subset of three environmental variables (chlorophyll a, temperature, salinity) showing the highest correlation with protist OTU data. CCA showed samples ordered by date along a circular pattern, with a relationship with the variables identified with BIO-ENV and the two first axes explaining ∼45% of total variance (Fig. 6) . Again V4 and V9 results were highly similar (m 2 = 0.005189, r = 0.9974, P < 0.0001, Supplementary Table S5 ). At the 97% similarity threshold, the number of OTUs was higher (10 059 and 8082 for V4 and V9, respectively), but V4 and V9 still produced similar results in all the β-diversity analyses (Supplementary Table S5 , S6 and S7).
DISCUSSION
Diversity
This first insight into temporal patterns of protist diversity at the LTER-MC site on a limited number of sampling dates revealed the existence, in the surface samples of the Gulf of Naples, of about 6500 different OTUs at 95% similarity. This threshold has been proposed to produce a conservative estimate of species . CCA performed using V4 and V9 OTUs at 95% and a set of environmental parameters selected with BIO-ENV (see Materials and methods). CCA1 is related to the trophic status (chlorophyll a) and influence of coastal waters (salinity). CCA 2 is related to the season (temperature). richness for microbial eukaryotes (Caron et al. 2009 ), but for some groups, such as dinoflagellates, even a 97% similarity in V4 fragments produces OTUs including several genera (Massana et al. 2015) . In any case, the number of OTUs found in this study exceeds by far the total number of protist taxa (including ciliates and major phytoplankton groups) so far identified over several decades of investigations in the area using light and electron microscopy, cultivation and molecular identification of selected strains, which hardly approaches 1000 taxa (unpublished data). Considering that less than 30% of the OTUs were shared even between samples rather close in time, more diversity will presumably be found analysing samples from more dates. This high amount of diversity uncovered so far was partly expected, because some groups (e.g. Radiolarians, Cercozoa and Oomycota) are not addressed in current morphological investigations in the area, while in other groups (e.g. Hacrobia, Archaeplastida and naked dinoflagellates) species are often difficult to identify and cultivate. In the case of better known groups such as diatoms, cryptic diversity revealed for some taxa in recent years is probably widespread across lineages, resulting in many more taxa detected in the molecular dataset. As for the large number of unassigned sequences (e.g. more than 30% in V4 not corresponding to known genera), it is difficult to judge what part of them might represent novel diversity, because no molecular information is available for a large number of taxa described with classical methods. All these considerations point to the need for dedicated studies with cultivation, electron microscopy and molecular tools in order to characterise the large part of unknown diversity revealed in this investigation. At the level of individual samples, diversity recovered with HTS-metabarcoding is obviously much higher not only because of the difficulty in species identification mentioned above, but also because larger volumes of seawater are examined, allowing for a far better coverage of the 'rare biosphere'.
The use of HTS-metabarcoding on eDNA in protist diversity assessment requires a full awareness of the limitations of this approach, as well as of the consequences of different methodological choices (Collins and Cruickshank 2013) . The interpretation of diversity results should take into account possible biases related to both the amplification step and the sequencing. One bias is the lack of detection of some organisms caused by failures of the universal primers that are extensively used to assess microbial diversity (Stoeck et al. 2010; Pawlowski et al. 2011; Massana et al. 2015) . For example, our results confirmed the well-known difficulty in amplifying the V4 marker tag for some groups such as Amoebozoa and Foraminifera, which were instead retrieved with V9. Besides these cases, it cannot be excluded that highly divergent branches representing undiscovered taxa may exist but are missed with the currently used primers (Rinke et al. 2013; Woyke and Rubin 2014) . In addition, HTS is prone to sequencing errors that can artificially inflate diversity estimates. The common practices of sequence clustering and singleton removal, such as those applied in our workflow, can avoid these artificial overestimates, although they may hide actual rare diversity. Previous studies based on pyrosequencing data reported a higher error rate and a larger number of singletons in the V4 than in the V9, in addition to a taxon-specific error rate (Behnke et al. 2011) . In our dataset, generated using the Illumina MiSeq platform, clustering at 95% produced many more OTUs with V4, but also more than double the singletons compared with V9, suggesting that the V4 region is probably more 'noise-prone' than V9. However, removal of singletons produced almost identical OTU numbers for the two marker tags.
Another bias of the amplification step is the overrepresentation of specific taxa, due to preferential PCR amplification (Wintzingerode, Göbel and Stackebrandt 1997) or to high copy numbers of the target gene, which hamper extraction of quantitative information from the HTS data. Although there is generally a good correlation between cell size and rDNA copy numbers (Zhu et al. 2005; Godhe et al. 2008; de Vargas et al. 2015) , exceptions may exist at the level of lower taxonomic ranks. Consequently strongly dominant OTUs in some cases may determine the collapse of the diversity value. The use of incidence-based statistics (Dunthorn et al. 2014) does not seem to be appropriate in surveys tracking temporal changes, where shift in species abundance and composition as well as brisk diversity changes may occur for several reasons. Our results showed cases of over-representation, e.g. the wide dominance of dinoflagellate sequences across the year not matching light microscopy data, which has also been described, for example, using lugol-fixed material for cell counts in freshwater lakes (Medinger et al. 2010) . Without excluding that the use of fixatives may damage delicate forms, the over-representation of dinoflagellates is more probably related to the large genome in this group and the relationships between genome size and rDNA copy numbers (Prokopowich et al. 2003) .
Comparing OTU and sequence proportions across samples may provide useful insights for data interpretation. For example, in the case of dinoflagellates, the recurrent collapse of many sequences in single OTUs, especially with V9, supports the presence of high copy numbers. In other groups, such as diatoms, radiolarians and chlorodendrophyceans, the higher proportion of ribotypes versus OTUs is limited to specific dates, suggesting blooms of individual taxa rather than high copy numbers.
One reassuring outcome of this study is the overall comparable results obtained with V4 and V9 on the same samples, which was evident in both taxonomic-independent and taxonomic analyses. For example, diatom patterns across samples were rather similar between V4 and V9 even at the level of genera and species, despite the lower resolution and smaller reference dataset available for V9. The latter was the reason for the failure in the identification of Pseudo-nitzschia in V9 sequences from the 30 August and September samples, caused by the lack of a V9 reference for P. galaxiae, the species identified in LM in those samples.
Interestingly, the diatom genera and species revealed by the eDNA analysis corresponded to those known as the most abundant for the area (Ribera d' Alcalà et al. 2004) and also common and widespread in the world's oceans (Malviya et al. 2016) . Moreover, the diatom composition as revealed by the two marker tags matched the one obtained in light microscopy relatively well even at the species level, as in the case of Chaetoceros socialis and C. tenuissimus. The correspondence between the two methodologies was lower in samples with lower numbers of diatoms and/or diatom sequences, probably because of the higher errors of both methods in assessing abundances when record numbers were low. In addition, some taxa that can hardly be overlooked in LM, such as Cyclotella and other Thalassiosirales, were over-represented in more than one sample, pointing at possible higher species-or genus-specific copy numbers or preferential amplification. These results highlight the importance of contextual data obtained with classical approaches, which can better guide the interpretation of the results at least until a good grasp of all possible biases or ways to avoid such biases will be available.
Temporal variations of protist assemblages
Shannon diversity trends across the year showed quite stable values from late winter across summer, despite changes in trophic status (as detected by total phytoplankton abundance) and environmental variables, similar to what was reported in a survey in the northern Gulf of Mexico (Brannock et al. 2016) . This suggests that natural assemblages are able to maintain an equilibrium, whereby asynchronous changes in species abundances allow stable Shannon diversity levels. In the October-December phase, assemblages move to a gradual community structure 'rarefaction', culminating on the December sample when the evenness and number of OTUs reached the highest value. These results match the patterns described for prokaryotic (Gilbert et al. 2012 ) and eukaryotic communities (Kim et al. 2014; Genitsaris et al. 2015) in other areas. One explanation for the very high diversity of the winter assemblage is that high evenness allows the detection of a greater number of taxa . However, many OTUs found in other periods of the year were not retrieved in the December samples, probably because of their extreme rarity outside their annual peak. For some protist groups that are known to form benthic resting stages, their absence in surface waters for most of the year is expected. A higher diversity could be found in winter also because of the presence of species inhabiting deeper waters in stratified periods (e.g. Halosphaera and Pelagomonas) and found at the surface in the period of the water column mixing (McDonald et al. 2007a; Siokou-Frangou et al. 2010) , or species typical of offshore waters that exchange more effectively with coastal ones in winter as compared with other seasons (Zingone, Montresor and Marino 1990; Cianelli et al. 2015) .
Temporal variations of marine surface protist assemblages showed profound changes over time. Even the closest couples of samples shared a relatively low percentage of OTUs despite the high number of sequences obtained for each sample, indicating that the compositional changes within groups were substantial. This result matches previous observations of compositional variations in protists also at a scale of a few weeks (e.g. Ribera d' Alcalà et al. 2004; Lie et al. 2013 ). However, it was not obvious that compositional changes concerned also less abundant species, whose detection is better allowed by the HTSmetabarcoding approach. Indeed, the much higher number of shared OTUs after removal of the rare ones indicates a major role of this latter component in determining community dissimilarity across time.
Despite the differences among samples, a seasonal signal was evident in the coupling of contiguous sampling dates with all clustering methods applied. Interestingly, our results on eight dates across one year allowed identification of temporal clusters similar to those described for the protist community in the English Channel (with V2 and V3 hypervariable regions) based on 32 samples collected across three years (Genitsaris et al. 2015) . This match suggests that even shorter surveys could allow description and comparison of the fundamental seasonal signals across several marine ecosystems.
V4 and V9 were able to reproduce community structure dynamics through the seasons in an almost identical manner, suggesting that taxonomy-independent inferences obtained with the two different markers in different studies are comparable. The main sources of temporal variability in our study were the temperature variations across the year, which are a proxy for the seasonal cycle, along with the trophic status of the plankton system (as autotrophic biomass), linked to both the season and the influence of coastal waters (salinity). The first axis in CCA determined a clear separation between the samples corresponding to the autotrophic biomass peaks, from February to June, and those with lower biomass values in the rest of the year. Nevertheless, environmental variables explained at most 45% of the variance, indicating an important role of biological factors such as lifehistory traits and interspecific interactions, including grazing, bacterial and viral infections and parasitism, in determining the patterns observed.
Interestingly, autotrophic biomass peaks generally corresponded to a dominance of autotrophic protists, whereas in autumn and particularly in the summer minimum (30 August) the heterotrophic component was more represented. The June sample was again an exception, since heterotrophic species sequences dominated despite the peak in the autotrophic biomass and in phytoplankton abundance. Indeed samples from June and 30 August stuck out as very different from contiguous dates. The high dominance of heterotrophic dinoflagellates in the June assemblage was probably related to the artefacts described in the above section, and one of the culprits was identified in a Gyrodinium species oversaturating the whole sequence sample. For the 30 August sample, the wide dominance of Radiolaria, either real or artefactual, is not the only explanation for the difference from the other August sample collected only 2 weeks before (16 August). In fact, the presence of many other taxa not recorded or not abundant in other samples, along with the low phytoplankton abundance and the high salinity value, suggest an actual brisk change in the assemblage on August 30 caused by the presence of offshore waters at the LTER-MC site on that date. This event was followed by a return to coastal conditions, supported by the similarity between the September assemblage and that of 16 August. The occasional presence of offshore waters is not unusual in the inner Gulf of Naples in summer, where it can cause a rearrangement of the trophic web (D'Alelio et al. 2015) . By highlighting these sudden changes in the microbial compartment, HTS-metabarcoding shows a great potential in exploiting protist communities as indicators of different environmental conditions, allowing the development of status indices and models that can forecast the response of the coastal ecosystem to both anthropogenic and natural perturbations. In general, noise deriving from method-related bias was unable to obscure diversity signals, as discussed in the previous section, but the two cases illustrated above demonstrate that it may be difficult to distinguish signals from noise. These cases highlight the importance of conducting this kind of study at places where a sound background biological, hydrographical and ecological knowledge of the system can support and guide the interpretation of the results.
The importance of incorporating species differences based on their evolutionary histories is well recognised in biodiversity studies (Gerhold et al. 2015) . This approach could expand and complement the ecological quantification of diversity, whereby all species are treated as equally different from each other. Interestingly, clusters based on the UniFrac metric mostly overlapped the Bray-Curtis ones, suggesting a common adaptation to specific environmental conditions for lineages from the temporal pairs. The exception was represented by the February and April assemblages, which were joined in the V9-based analysis but split by V4, thus confirming the difference in phylogenetic signals between the two markers (Lie et al. 2014; Hu et al. 2015) and suggesting a stronger evolutionary relationship of the February protist assemblage with the autumn-winter one. Indeed, at least for phytoplankton, winter blooms such as those recorded in the present study in February are the results of coincidence of meteorological and hydrographic conditions with the presence, in the winter community, of opportunistic species that are able to take advantage of unusually stable conditions in this season (Zingone et al. 2010) . It is nonetheless interesting that ecological and evolutionary approaches highlighted similar relationships among the assemblages over the year, although the low percentages of shared OTUs indicate a more complex dynamics subtending temporal variation. A deeper analysis of the temporal variations within each taxonomic group and of the relationships between groups belonging to different trophic levels could provide more insights into the complex seasonal dynamics of protist communities, but this is beyond the aim of the present study. In addition, further analyses on a larger dataset at a smaller temporal scale are needed to better elucidate seasonal trends in phylogenetic diversity.
Concluding remarks
This work was a pilot study to assess the feasibility of the HTSmetabarcoding approach to track temporal changes in protist communities in a robust framework provided by the long term observations ongoing at the LTER-MC site. Our findings highlight HTS-metabarcoding as a powerful tool for environmental surveys at temporal scale, while the use of two different marker tags and the comparison with light microscopy data allowed a sound interpretation of the results.
Our results shed light on the actual diversity of the whole spectrum of planktonic protists, which has rarely been addressed in an integrated way in ecological investigations (but see Genitsaris et al. 2015) . A considerable amount of unknown or undecipherable diversity emerged for an area that has been historically the site for deep protist investigations, which constitutes a strong stimulus for further investigation aimed at the identification of so far unassigned sequences.
Despite a relatively high sequencing depth, our results showed profound changes in protist diversity among eight samples collected over 10 months, which demonstrates that sampling across seasons is definitely needed to assess diversity at one site. Signals of seasonality emerged clearly from several approaches in both markers also in the presence of outliers, and allowed an increase in our knowledge of temporal dynamics in a temperate-tropical ecosystem.
Overall HTS-metabarcoding is shown to be a valid approach to be implemented in long term observation sites, where background knowledge can effectively guide interpretation and maximise the impact of the results obtained. The next challenge will be to extend the analysis to multiple years, in order to develop models and build baseline patterns of seasonal community assemblages needed for monitoring and managing changes in marine ecosystem biodiversity.
